Multiple endocrine neoplasia type 1 (MEN1) is an autosomal dominant disorder associated mainly with tumors of multiple endocrine organs. Mutations in the MEN1 gene that encodes for the menin protein are the predominant cause for hereditary MEN1 syndrome. Though menin is a tumor suppressor, its molecular mechanism of action has not been defined. Here, we report that menin interacts with AKT1 in vitro and in vivo. Menin downregulates the level of active AKT and its kinase activity. Through interaction with AKT1, menin suppresses both AKT1-induced proliferation and antiapoptosis in nonendocrine and endocrine cells. Confocal microscopy analysis revealed that menin regulates AKT1 in part by reducing the translocation of AKT1 from the cytoplasm to the plasma membrane during growth factor stimulation. Our findings may be generalizable to other cancers, insofar as we found that loss of menin expression was also associated with AKT activation in a mouse model of pancreatic islet adenoma. Together, our results suggest menin as an important novel negative regulator of AKT kinase activity. Cancer Res; 71(2); 371-82. Ó2010 AACR.
Introduction
Multiple endocrine neoplasia type 1 (MEN1) is an autosomal dominant disorder characterized by tumors predominantly in endocrine organs including the parathyroid glands, the pancreatic islets, and the pituitary gland (1) . In 1997, the MEN1 gene was identified and germline mutations in the gene were found in more than 70% of MEN1 patients (2) . Similar mutations were also found in many sporadic tumors. To date, more than 1,000 germline and somatic MEN1 mutations have been identified (3) .
Menin is the protein encoded by the MEN1 gene. Even though neoplasia of MEN1 is tissue selective, menin is ubiquitously expressed. It contains 3 nuclear localization signals (NLS) in its carboxyl-terminus. The functions of these NLS are not only to drive the nuclear localization of menin, but also to coordinate regulation of its target gene transcription (4) . More recently, 2 functional nuclear export signals (NES) have been identified in menin that have been shown to direct b-catenin out of the nucleus and thus reduce its transcriptional activity (5) .
It is difficult to study the function of menin because it has no homology with any known protein. Identification of proteins that interact with menin may help to decipher its biological role. Until now, more than 20 proteins have been documented to interact with menin; these include transcription factors: JunD, NF-kB, smad3, Pem, ERa, b-catenin, and MLL complex; proteins involved in regulation of DNA repair: RPA2, FANCD2; kinases: ASK, nm23H1; and cytoskeletal proteins: nonmuscle myosin heavy chain IIA, glial fibrillary acidic protein (GFAP), and vimentin (6) . It has been reported that menin, through association with some of its partners, may regulate gene transcription, cell proliferation, apoptosis, and genome stability. However, the precise molecular mechanism of menin as a tumor suppressor needs to be further investigated.
The phosphoinositide 3-kinase (PI3K) signaling pathway plays a central role in regulating cell proliferation, cell growth, apoptosis, cell migration, and metabolism (7) . On growth factor stimulation, PI3K becomes active and converts the plasma membrane lipid phosphatidylinositol-4,5bisphosphate [PI(4,5)P 2 ] (PIP 2 ) to phosphatidylinositol-3,4,5trisphosphate [PI(3,4,5)P 3 ] (PIP 3 ) which can recruit signaling proteins with Pleckstrin-homology (PH) domains to the inner face of the plasma membrane. Among these PH domain-containing proteins, the most important protein is the serine-threonine kinases AKT [protein kinase B (PKB)]. The AKT family contains 3 highly conserved members: AKT1, AKT2, and AKT3. When PI3K is activated, all 3 isoforms of AKT are translocated from the cytoplasm to the plasma membrane and are phosphorylated by phosphoinositide-dependent kinase 1 (PDK1) and potential PDK2, respectively at 2 conserved residues, corresponding to Thr308 (T308) within the active loop and Ser473 (S473) within the hydrophobic motif of AKT1, thereby transforming all AKT isoforms to their active form (7, 8) . Active AKT further phosphorylates and activates several downstream effectors.
The deregulation of AKT signaling has been implicated in many human cancers including breast cancer, pancreatic cancer, thyroid cancer, and gastric carcinoma (7) . Interestingly, AKT activity has been found in human pituitary tumors (9) ; overexpression of constitutively active AKT1 in b-cells of transgenic mice induces cell proliferation, growth, and survival (10, 11) ; RET-mediated cell transformation in MEN2 is critically dependent on the activation of the PI3K/AKT pathway (12) . However, many aspects of the molecular mechanisms of PI3K/AKT pathway involved in the regulation of endocrine cell proliferation, apoptosis, and growth still remain a mystery.
Here, we demonstrate that menin suppresses AKT signaling in nonendocrine and endocrine cells. Our studies are consistent with menin terminating AKT activity partially through blocking its translocation from the cytoplasm to the plasma membrane. These studies support a unique and novel function of menin as a negative regulator of AKT.
Materials and Methods

Antibodies
The menin antibody SQV has been described previously (13) . Other anti-menin antibodies were from Bethyl Laboratories. Antibodies against a-tubulin and p84 were from Gen-eTex. Anti-FLAG antibody was from Sigma. Fluorescent secondary antibodies, FITC (fluorescein isothiocyanate) and Texas red-conjugated anti-rabbit or anti-mouse IgG, were from Invitrogen. All other antibodies were from Cell Signaling.
Cell culture, cell transfection, and animal use HEK-293 (ATCC), MIN6, and mouse embryonic fibroblasts cells (MEF) were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS. Menin-null MEFs were as previously described (14) . Lipofectamine 2000 (Invitrogen) was used for transient transfections.
Men1 þ/À mice were generated and genotyped as previously described (15) . The animals were handled according to National Institutes of Health and American Association of Laboratory Animal Care guidelines.
Production of recombinant adenoviruses
Menin-expressing (Ad-Men1) and green fluorescent protein (GFP)-expressing (Ad-GFP; control) recombinant adenovirus were produced on the basis of the pAdEasy system (16) . Wildtype HA-tagged AKT1 (Ad-HA-AKT1), HA-tagged constitutively active AKT1 (Myr-AKT1), HA-tagged dominant-negative AKT1 (Dn-AKT1; both T308 and S473 were mutated to alanine), and b-gal (negative control) recombinant adenoviruses were from Vector BioLabs.
Plasmid construction
The plasmids of FLAG-tagged wild-type (WT) menin and FLAG-tagged menin (FM) mutations derived from MEN1 patients were generated as previously described (17) . The menin deletion mutants were generated by PCR using human menin cDNA as a template and cloned into the HindIII/EcoRI site of pFLAG-CMV2 (Sigma). WT HA-tagged AKT1 (HA-AKT1) and AKT1 deletions were generated by PCR using human AKT1 cDNA as a template and cloned into the EcoRI/XhoI site of pCMV-HA (Clontech).
Immunoprecipitation and pull-down assay
Immunoprecipitation (IP) experiments were performed using Protein G Agarose Immunoprecipitation Kit (KPL).
In the pull-down assay, FLAG-menin and FLAG-BAP (Bacterial alkaline phosphatases, as control) plasmids were generated, expressed, purified, and verified as previously reported (18) . Glutathione S-transferase (GST) and GST-AKT1 fusion proteins were from Novus Biologicals. GST-AKT1 kinase was from Cell Signaling.
Immunoblot analysis
Whole cells were solubilized in protein lysis buffer (Cell Signaling). Cytoplasmic and nuclear extracts were prepared with the NE-PER kit (Pierce). Antibodies against a-tubulin or p84 were used as loading control for whole-cell/cytoplasmic extracts and nuclear extracts, respectively.
Quantitative reverse transcriptase PCR
RNA extraction, reverse transcription, and quantitative PCR were performed as previously described (19) using a SYBR Green PCR Master Mix kit (Applied Biosystems). The primers specific for mouse AKT1 were: forward, 5 0 -TCCCAG-TAAGTGCGGGTCAT-3 0 and reverse, 5 0 -CCAATCGGTAG-TAGCGACGG-3 0 .
Confocal microscopy
After transfection and insulin-like growth factor-1 (IGF-1) treatment, HEK-293 cells were cultured on cover slides. Immunofluorescence staining was performed as previously described (19) . Images were acquired at room temperature using a confocal microscope (LSM 510 META; Carl Zeiss). Images were acquired in different channels (405, 488, and 594 nm) and processed using Photoshop 8.0. Line scans of fluorescence intensity were performed using the intensity profile functions of the software (Carl Zeiss).
In vitro kinase assay
After treatment, the proteins from KO and KOM cells were extracted and active AKT was immunoprecipitated by p-AKT (S473) antibody following incubation with purified GST-GSK-3 fusion protein for in vitro AKT kinase assay (Cell Signaling).
Cell proliferation assay
A total of 1,000 menin-null cells were seeded in a 96-well plate and infected with different combination of adenoviruses for 24 hours. Bromodeoxyuridine (BrdU) was then added to the culture medium for 24 hours before the cells were harvested. Incorporation of BrdU was determined by ELISA assay (Roche).
Immunohistochemistry
Immunohistological analysis of mouse pancreas was performed as previously described on 5-mm sections (20) . The sections were examined under bright-field microscopy with an Axioskop microscope coupled to an AxioCam MRc5 camera with Axiovision AC software (Carl Zeiss). Images were captured at room temperature and processed using Photoshop 8.0.
Statistical analysis
Unpaired 2-tail t test and correlation analysis were performed using the statistical analysis functions in GraphPad Prism 4.0 program (GraphPad). All results in histograms showed the mean AE SEM of at least 3 independent experiments for each condition (*, P < 0.05; **, P < 0.01; ***, P < 0.001).
Results
Menin associates with AKT1 in vitro and in vivo
To determine whether menin and AKT1 interact with each other, we performed IP of FM or HA-AKT1 in HEK-293 cells, which resulted in the co-IP of AKT1 or menin, respectively, suggesting that the 2 proteins associate with each other (Fig. 1A) . We also confirmed that overexpressed HA-AKT1 in HEK-293 cells bound to purified FLAG-menin ( Fig. 1A) by a pull-down assay.
To determine whether the interaction between endogenous menin and AKT can occur in normal tissues under physiologic conditions, the whole pancreata of 3-month-old mice were used in co-IP studies. Endogenous phospho-AKT (S473) (p-AKT (S473)) and total AKT co-immunoprecipitated with endogenous menin in mouse pancreas. This result was further confirmed by a reciprocal IP experiment ( Fig. 1B) .
AKT1 exists as inactive and active forms in cells. We wondered whether menin could interact with only one form of AKT1 or both forms. Menin was immunoprecipitated with the menin SQV antibody from HEK-293 cells infected with adenovirus containing b-gal, Myr-AKT1, or Dn-AKT1. Both overexpressed active AKT1 and overexpressed inactive AKT1 Research.
on April 19, 2017. © 2011 American Association for Cancer cancerres.aacrjournals.org Downloaded from can coprecipitate with endogenous menin. There were undetectable interactions between endogenous menin and p70S6K (a mitogen-activated Ser/Thr protein kinase) in HEK-293 cells (Fig. 1C) .
To test whether the protein interaction between menin and AKT1 is direct or indirect, in vitro expressed and purified FLAG-menin was used to pull down in vitro expressed and purified GST-AKT1 (WT) or GST-AKT1 kinase (phosphorylated at both T308 and S473). The pull-down assay showed that both GST-AKT1 and GST-AKT1 kinase can interact with FLAG-menin, but not with FLAG-BAP ( Fig. 1D ).
Menin suppresses AKT kinase activity
To investigate whether menin can regulate AKT signaling by inhibiting the kinase activity of AKT, immortalized meninnull MEFs, which were stably infected with either empty vectors (KO cells) or menin-expressing retroviruses (KOM cells), were used (21) . The cells were serum starved overnight and then incubated with or without 20% FBS for 30 minutes, and the cytoplasmic proteins were analyzed by immunoblot (IB). The p-AKT (S473) level in the cytoplasm increased about 3.6-fold in KO cells after FBS treatment. However, in KOM cells, the cytoplasmic p-AKT (S473) level increased to only 2fold after serum stimulation ( Fig. 2A) . In contrast, neither the mRNA level of AKT1 ( Supplementary Fig. S1A ) nor the total protein level of AKT ( Fig. 2A) showed any significant difference in KO or KOM cells.
We next examined some downstream effectors of AKT. Immunoblot ( Fig. 2A) showed that the ability of AKT to phosphorylate its direct or indirect substrates GSK-3b, p70S6K, and elF4B decreased around 50%, 65%, and 44%, respectively, in KOM cells compared with KO cells under serum stimulation.
We examined whether menin might inhibit the kinase activity of AKT in vitro using purified GST-GSK-3 fusion protein as the substrate. The amount of p-AKT (S473) immunoprecipitated from serum-stimulated KO cells was much higher than that immunoprecipitated from serum-stimulated KOM cells. p-AKT (S473) immunoprecipitated from serumstimulated KO cells can induce phosphorylation of the GST-GSK-3 fusion protein by 5.2-fold, but p-AKT (S473) immunoprecipitated from KOM cells under serum stimulation can induce phosphorylation of GST-GSK-3 fusion protein by only 2.6-fold ( Fig. 2B) . These results indicate that menin downregulates the active form of AKT and thus suppresses AKT kinase activity. We further confirmed that menin inhibits AKT kinase activity in an overexpression system ( Supplementary  Fig. S1B ).
Menin inhibits AKT1-mediated cell proliferation and antiapoptosis effects
We evaluated whether menin interferes with the downstream functions of AKT in cell proliferation and antiapoptosis. We infected menin-null MEFs with control adenoviruses or adenoviruses expressing HA-AKT1 and/or menin. Expression of HA-AKT1 led to a 60% increase in cell proliferation (Fig. 2C ). Coexpression of menin with HA-AKT1 suppressed AKT1-mediated cell proliferation by about 55%. It has been reported that cisplatin, an antitumor agent, can induce apoptosis in various cell lines including MEFs and the endocrine cell line MIN6 (22, 23) . We confirmed that cisplatin could induce a 1.6-fold increase of free nucleosomal DNA, a latestage marker for apoptotic cells, in menin-null MEFs compared with DMSO (dimethyl sulfoxide) control (Fig. 2D ). Furthermore, we did not observe any significant difference of cisplatin treatment on cell necrosis ( Supplementary  Fig. S2A) . Surprisingly, expression of HA-AKT1, but not expression of menin or coexpression of HA-AKT1 and menin, suppressed cisplatin-induced release of free nucleosomal DNA (62% downregulation; Fig. 2D ). Collectively, these results suggest that menin can suppress AKT1-mediated cell proliferation and antiapoptotic effects.
Domains of menin and AKT1 necessary for their interaction
To determine the domains of menin for interaction with AKT1, we generated FLAG-tagged menin deletions containing either the NH 2 terminus (FM1), the middle region (FM2), or the C-terminus (FM3) of menin (Fig. 3A) . We observed that AKT1 could coimmunoprecipitate with FM, FM2, and FM3. However, no co-IP was observed between FM1 and AKT1 (Fig. 3A) . These results indicate that the menin N-terminus is dispensable for binding to AKT1. Expression of HA-AKT1 and various fusion proteins of menin were confirmed by IB (Fig. 3A) .
To identify the domains of AKT1 that interact with menin, HA-tagged PH domain (PH), kinase domain (DNC) or Cterminus (Ct) of AKT1 were coexpressed with FM in HEK-293 cells. Menin specifically interacted with the C-terminus of AKT1 (amino acids 409-480), but did not interact with other regions of AKT1 (Fig. 3B) . These results indicate that the Cterminus of AKT1 is sufficient for binding to menin. Expression of FM and various fusion proteins of AKT1 were confirmed by IB ( Fig. 3B ).
MEN1 W436R fails to interact with AKT1
On the basis of the observation that amino acids 212 to 610 of menin are sufficient for binding to AKT1, we explored whether menin mutants in this region may disrupt the interaction between menin and AKT1. We tested the interaction of FLAG-tagged MEN1 disease-related menin mutations A309P, T344R, D418Del, and W436R in HEK-293 cells in a GST-AKT1 pull-down assay. FM and menin mutants A309P, T344R, and D418Del interacted normally with AKT1; however, the menin mutant W436R did not interact with AKT1 (Fig. 3C ). The levels of GST-AKT1, GST, and the expression levels of FLAG-tagged menin mutants were confirmed by IB (Fig. 3C ). Although the expression of menin mutants was lower than WT menin, these fusion proteins were pulled down by GST-AKT1 at similar levels.
MEN1 W436R cannot suppress AKT1 kinase activity
We examined whether the menin mutants could suppress the phosphorylation of AKT and AKT kinase activity. HEK-293 cells were cotransfected with HA-AKT1 and different menin mutants. The cells were serum stimulated for 30 minutes after overnight serum starvation and the cytoplasmic proteins were extracted for IB. WT menin suppressed the phosphorylation of AKT at S473 by 30% and decreased p-GSK-3b level by 39% induced by overexpression of AKT1 (Fig. 4A) . The menin mutants A309P, T344R, and D418Del behaved similar to WT menin to downregulate p-AKT (S473) and p-GSK-3b levels (Fig. 4A) . However, p-AKT (S473) and p-GSK-3b levels remained at similar levels in the cells overexpressing AKT1 or in the cells cotransfected with AKT1 and W436R. Because we previously demonstrated that W436R could not interact with AKT1 (Fig. 3C) , this suggests that the negative regulation of AKT signaling by menin is, in part, through its interaction with AKT1. The above results also indicate that AKT is not the only target of menin. How menin regulate tumorigenesis in endocrine tissues still needs to be further investigated.
MEN1 W436R fails to inhibit AKT1-mediated antiapoptosis effect in endocrine cells
We investigated whether menin regulates the AKT signaling pathway in endocrine cells. MIN6 insulinoma cells were cotransfected with HA-AKT1 and different menin mutants (Fig. 4B ). After the cells were starved overnight for serum and glucose, the cells were treated with cisplatin for 24 hours. We first examined the level of cleaved caspase 3. As expected, in the vector control cells, cleaved caspase 3 level was dramatically increased in the cells treated with cisplatin compared with DMSO treatment (Fig. 4B) . In contrast, increase of cleaved caspase 3 level by cisplatin was blocked by overexpression of AKT1 and this blockage was rescued by cotransfecting the cells with WT menin, T344R, and D418Del, but not by W436R. We ruled out the possibility that either WT menin or the menin mutants alone can impair the effect of cisplatin on caspase 3 cleavage ( Supplementary Fig. S2B ). We also observed similar results by caspase 3 activity ELISA assay (Fig. 4C) .
Interestingly, p-AKT (S473) level was largely decreased in the cells treated with cisplatin and it reached high levels when AKT1 was overexpressed (Fig. 4B ). On the other hand, overexpression of WT menin, T344R and D418Del, but not W436R suppressed the elevation of p-AKT (S473) level induced by cotransfecting the cells with AKT1 (Fig. 4B) .
The level of cleaved caspase 3 is a marker for an early event of apoptosis. We examined another marker of apoptosis, the release of free nucleosomal DNA in MIN6 cells. We observed that cisplatin treatment results in 50% increase in the release of free nucleosomal DNA, but overexpression of AKT1 reduced the effect of cisplatin on the release of free nucleosomal DNA by around 33% (Fig. 4D ). This reduction was only observed in cells cotransfected with AKT1 and W436R, but not in other cotransfectants. However, cisplatin treatment had similar effects on cell necrosis as shown in Supplementary Figure S2D , suggesting that AKT or menin does not impair cell necrosis under cisplatin treatment. Cell death ELISA assay was also performed on W436R single transfectant to rule out the effect of W436R on cisplatininduced DNA fragmentation ( Supplementary Fig. S2C ). Collectively, the results indicate that first, AKT1 signaling pathway plays a critical role in maintaining survival of these endocrine cells; second, menin can promote apoptosis through suppression of the level of p-AKT/AKT1 kinase activity in these endocrine cells.
Menin blocks translocation of AKT1 to the plasma membrane
On the basis of the observations in the present study that (i) menin suppresses AKT kinase activity through downregulation of p-AKT (S473) and (ii) menin interacts with inactive AKT1 which is exclusively localized in the cytoplasm, we hypothesized that menin can impair the ability of inactive AKT to translocate from the cytoplasm to the plasma membrane, thereby blocking the phosphorylation of AKT at the plasma membrane. To test this hypothesis, HEK-293 cells were cotransfected with HA-AKT1 and empty vector, FM, or FLAGtagged menin mutant W436R. After serum starvation, the cells were treated with IGF-1 for 5 minutes and then followed by immunofluorescence staining (Fig. 5A) . In unstimulated cells, HA-AKT1 localized to the cytoplasm in most of the cells and was located at the plasma membrane in only 6% of the cells. However, HA-AKT1 was highly concentrated at the plasma membrane in IGF-1-treated cells (39% of the cells). Overexpression of HA-AKT1 with FM together resulted in changing the cellular localization of HA-AKT1 from the plasma membrane to the cytoplasm, and HA-AKT1 was only located at the plasma membrane in 22% of the cells. We also observed that FM was mainly expressed in the nucleus as reported by many groups, but it was also found to moderately colocalize with HA-AKT1 in the cytoplasm (Fig. 5A) . In contrast, overexpression of HA-AKT1 with W436R did not change the cellular localization of HA-AKT1 as WT menin did, and HA-AKT1 was found to localize to the plasma membrane in 37% of the cells (Fig. 5B) . These results indicate that menin can regulate the cellular localization of AKT1 through interacting with it, and this is one possible mechanism by which it inhibits AKT kinase activity.
Menin absent and AKT activated in mouse islet adenomas
The regulation of AKT kinase activity by menin suggests that decrease or absence of menin expression would correlate with an increase in expression of active AKT in tumors. To confirm our findings in tumors of animal models, we examined the expression level of menin and p-AKT (S473) by immunohistochemistry in 30 normal islets of 4 WT mice and 16 islet adenomas of 4 Men1 þ/À mice (Fig. 6A) . The percentage of menin and p-AKT (S473)-positive cells were counted in each WT islet/islet adenoma of serial sections. In 30 WT islets, menin was highly expressed (>95%; Fig. 6B ) in all islets, but p-AKT (S473) was only moderately expressed (10%-25%) in 8 islets and absent in 22 islets. In 16 islet adenomas, menin was absent (11 islet adenoma) or expressed (5 islet adenomas) at a very low level (5%-20%); however, p-AKT (S473) was detected at high level (>50%) in all islet adenomas (Fig. 6B ). To further confirm this finding, the peptide blocker of p-AKT (S473) was used to specifically block the p-AKT (S473) antibody used in this study to show that p-AKT (S473) antibody was specific for p-AKT (S473) (Supplementary Fig. S3A ). Moreover, menin and p-AKT (S473) remained at similar levels in pancreatic exocrine tissues of WT mice compared with Men1 þ/À mice ( Fig. 6A and Supplementary Fig. S3B ). The above results demonstrate a clear negative correlation between menin and p-AKT (S473), and this correlation is statistically significant in each category (in the WT islets: Pearson r ¼ À.61, P < 0.0005; in the islet adenomas: Pearson r ¼ À0.8, P < 0.0005). 
Discussion
Until now, most of the proteins identified to interact with menin have been nuclear proteins (6) . These results are consistent with the predominant expression of menin in the nucleus and are mainly related to the transcriptional regulatory function of menin. A modest portion of menin is also expressed in the cytoplasm in most of the tested cell lines, including HEK-293, MEF, NIH3T3, HeLa cells, and endocrine cell lines MIN6 and GH4C1 (24, 25) . Menin also has been found to interact with GFAP and vimentin, which are cytosolic proteins (26) . However, menin's function in the cytoplasm is poorly understood. Interestingly, the majority of active AKT is at the plasma membrane. Although active AKT has been identified in the nucleus in response to a chronic growth factor stimulus; however, the subcellular localization of inactive AKT is exclusively in the cytoplasm. In the present study, we show that menin interacts with both active and inactive AKT1. This result may provide new evidence for a role of menin in the cytoplasm.
On the basis of our current study, we propose that menin acts as a scaffold protein to bind inactive AKT1, and thereby sequestering it to the cytoplasm and preventing its activation. This results in inhibition of downstream functions such as cell proliferation and antiapoptosis (Fig. 7) . Interestingly, the PH domain of AKT1, which is the docking site for PIP3 to the plasma membrane, is not necessary for binding to menin (Fig. 3B ). This result suggests that menin retains inactive AKT1 in the cytoplasm not through blocking the PH domain of AKT1, but through an unclear mechanism.
Hyperactivation of AKT has been observed in various cancers and it plays a critical role in regulation of cancer cell survival. The mechanisms of activating this kinase have been intensely studied in the past several decades. However, little is known about how the kinase activity is terminated. PTEN is the most important negative regulator of AKT and has been shown to be absent or functionally inactivated in many tumor types, thereby promoting AKT activation (27) . Interestingly, both menin-null MEFs and islet adenomas examined had normal WT PTEN expression ( Supplementary Fig. S4A ). Our data rules out the role of PTEN in regulation of AKT activity in both menin-null MEFs and mouse islet adenomas and suggests that menin is a novel negative regulator of AKT activity. Loss of menin is the major cause for the development of MEN1 tumors, yet the role of menin in tumorigenesis is not clear. As a result, there are no specific drug targets for MEN1related tumors (28) . Our data reveal that active AKT is markedly increased in mouse islet adenomas, but not in the surrounding exocrine tissues; on the other hand, menin expression is only lost in islet adenomas compared with exocrine tissues. These results indicate that activation of AKT might be a major determination of tumorigenesis in MEN1. Because AKT and menin are ubiquitously expressed, the role of menin to inhibit AKT activity may be insufficient to explain the endocrineselective tumorigenesis in MEN1. How and why menin expression is lost only in the specific affected tissues in MEN1 remains a subject of intense investigation. However, dysregulation of AKT has been associated with human carcinogenesis in various cancers. Our findings provide new insight into the MEN1 syndrome and may lead to new therapeutic strategies for the rare MEN1 syndrome as well as some more common tumors.
Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed. 
